Abstract Type 1 diabetes is considered an autoimmune disease characterised by specific T cell-mediated destruction of the insulin-producing beta cells. Yet, except for insulin, no beta cell-specific antigens have been discovered. This may imply that the autoantigens in type 1 diabetes exist in modified forms capable of specifically triggering beta cell destruction. In other immune-mediated diseases, autoantigens targeted by the immune system have undergone post-translational modification (PTM), thereby creating tissue-specific neo-epitopes. In a similar manner, PTM of beta cell proteins might create beta cell-specific neo-epitopes. We suggest that the current paradigm of type 1 diabetes as a classical autoimmune disease should be reconsidered since the immune response may not be directed against native beta cell proteins. A modified model for the pathogenetic events taking place in islets leading to the T cell attack against beta cells is presented. In this model, PTM plays a prominent role in triggering beta cell destruction. We discuss literature of relevance and perform genetic and human islet gene expression analyses. Both direct and circumstantial support for the involvement of PTM in type 1 diabetes exists in the published literature. Furthermore, we report that cytokines change the expression levels of several genes encoding proteins involved in PTM processes in human islets, and that there are type 1 diabetes-associated polymorphisms in a number of these. In conclusion, data from the literature and presented experimental data support the notion that PTM of beta cell proteins may be involved in triggering beta cell destruction in type 1 diabetes. If the beta cell antigens recognised by the immune system foremost come from modified proteins rather than native ones, the concept of type 1 diabetes as a classical autoimmune disease is open for debate. 
Introduction
Since the early 1970s, type 1 diabetes has been considered to be the result of an immune reaction against the beta cells [1] [2] [3] . The disease is multifactorial, with both environmental and genetic factors contributing to type 1 diabetes risk. There is broad consensus that the pathogenesis of type 1 diabetes comprises two distinct phases: (1) the 'initiation phase', which is non-antigen-driven and non-lymphocyte-dependent. In this phase, initial beta cell damage is thought to be induced by environmental factors, e.g. a virus and/or cytokines secreted by activated monocytes, macrophages and dendritic cells resident in islets and/or possibly by beta cells themselves; and (2) the 'amplification phase' or 'execution phase', which is characterised by antigen-driven, lymphocyte-dependent progressive and selective destruction of the beta cells, causing clinical diabetes [4] [5] [6] . GAD 65 kDa (GAD65), insulin, protein tyrosine phosphatase (IA-2), zinc transporter 8 (ZnT8) and several additional proteins have been identified as autoantigens based on antibody or T cell reactivity in sera from type 1 diabetes patients [7, 8] . However, the paradigm of type 1 diabetes as a classical autoimmune disorder contains a paradox: none of the established autoantigens [9] [10] [11] [12] , with the possible exception of insulin, are exclusively expressed in the beta cells, thus failing to explain the selective immunemediated destruction of the beta cells-a fact that has been largely neglected by researchers in the field.
We suggest a simple pathogenetic model in which epitopes recognised by the immune system are not derived from native beta cell proteins but occur on proteins that have been posttranslationally modified, creating immunogenic neo-epitopes in beta cells during the initiation phase (Fig. 1a) . Such neoepitopes have not been expressed in thymus during lymphocyte selection or in the normal, i.e. non-damaged, beta cell for induction of peripheral tolerance and are thus seen as 'foreign' by the immune system. Therefore, an immune attack is mounted to eliminate the target tissue (Fig. 1b) . Implicit in this model is that type 1 diabetes is not caused by failure of normal clearance of autoreactive T cells. That neo-epitopes might play a role in the development of type 1 diabetes has also recently been considered by other researchers [13] [14] [15] . However, here we place the generation of neo-epitopes arising from modified beta cell proteins into a pathogenetic context (Fig. 1) . We further propose that part of the genetic risk of type 1 diabetes is caused by variation in genes encoding proteins involved in post-translational modification (PTM) processes that could increase PTM of beta cell proteins in at-risk individuals.
To support the concept that PTMs trigger the immunemediated beta cell destruction in type 1 diabetes, we present relevant literature, measure the expression of genes encoding proteins involved in PTM processes in human islets and investigate these genes for type 1 diabetes-associated single nucleotide polymorphisms (SNPs). Of note, the purpose of this paper is not to give a comprehensive overview of the literature, but to present key findings in animal models and humans supporting the concept that PTM of beta cell antigens plays an important role in type 1 diabetes. We hope this will stimulate debate and lead to studies that will eventually solve the puzzle as to why the immune system destroys beta cells in type 1 diabetes.
Evidence from the literature Post-translational modifications and autoimmunity PTM of proteins is vital for cellular homeostasis, function and signalling pathways. PTM alters specific parts of a protein or peptide by the covalent attachment or removal of atoms, chemical groups or larger biomolecules such as sugars. PTM of proteins affects their properties, including folding, conformation and activity, thereby affecting their interaction with other proteins and their cellular function. While most PTMs are essential for proper cellular function, some PTMs can create neo-epitopes that can activate an immune response. This has been demonstrated in diseases such as rheumatoid arthritis, multiple sclerosis and celiac disease, where modified proteins play a major role for disease development [16] [17] [18] [19] [20] [21] . PTM of proteins can be the result of both enzyme-catalysed and spontaneous reactions. For example, while acetylation, phosphorylation, glycosylation, palmitoylation, citrullination (also called deimination) and sumoylation are enzyme-catalysed modifications, oxidation, nitrosylation and glycation are typically spontaneous processes.
Under normal conditions, T cells that recognise selfantigens with high affinity are deleted in the thymus by negative selection [22] . However, lower affinity T cells may escape negative selection and migrate to the periphery. Depending on whether these naive T cells encounter their cognate antigen in the periphery, and the concentration at which the antigen is present, they may be deleted or become anergic [23] . Because many modified proteins are unique to the peripheral tissues, tolerance to some self-antigens exclusively depends on peripheral mechanisms [24] . Failure to eliminate self-reactive T cells results in an immune response. Autoimmune diseases are therefore classically considered to be the consequence of self-reactive T cells that escape either thymic or peripheral deletion. However, it is plausible that under certain conditions (e.g. viral infection and/or inflammation), alterations in PTMs are induced in the affected cells, thereby creating neo-epitopes from self-proteins that have not previously been exposed to the immune system either in the periphery or in the thymus. The amplification and executioner phase. In the lymph node, the DC/MΦ will present the neo-epitopes to CD4 + T cells resulting in activation of these including secretion of IFNγ and IL-2. Note that the presentation of several beta cell peptides by DCs/MΦs causes polyclonal activation of CD4 + T cells. Activated antigen-specific CD4 + T cells stimulate clonal expansion of B cells, leading to the production of antibodies. Upon islet infiltration, the CD4 + T cells activate cytotoxic CD8 + T cells bound to matching peptides presented on MHCI on the beta cells. Finally, the CD8 + T cells destroy the beta cells by several effector mechanisms, including Fas, perforin and granzyme B. The T cell-mediated beta cell killing creates a deleterious self-amplifying circle because the increase in beta cell death favours generation of additional beta cell-specific neo-epitopes that further escalate T cell activation and beta cell destruction. The result is clinical diabetes. BCR, B cell receptor cells (APCs) can modulate T cell receptor (TCR) binding to the MHC/antigen complex, leading to more efficient TCR binding, T cell signalling and proliferation. For example, citrullination (deimination of arginine) of a vimentin-related peptide enhances the binding affinity of the peptide for the MHC molecules and leads to increased T cell activation [25] . Similar to citrullination, glycosylation of peptides presented by MHC molecules has been shown to be important for T cell recognition and activation [26] . PTM may also influence the processing of an antigen, resulting in alternative cleavage of the peptide and/or lead to increased levels of a particular peptide epitope. Such an increase in epitope density could lead to the activation of low-avidity T cells in the periphery [27] .
Post-translational modifications in type 1 diabetes How and under which conditions could PTMs of beta cell proteins that could break immune tolerance in type 1 diabetes be generated? Islets contain resident APCs, including macrophages and dendritic cells (DCs) [28, 29] . APCs play a critical role in type 1 diabetes by secreting beta cell cytotoxic cytokines and by presenting beta cell antigens to the immune system. The essential role of APCs has been demonstrated in studies on spontaneous (BioBreeding [BB] rats and NOD mice) and induced (multiple low dose streptozotocin [MLD-STZ]) animal models of type 1 diabetes [30] [31] [32] . Activation of APCs leads to the production and release of cytokines and reactive oxygen species (ROS), creating an inflammatory and oxidative milieu that may produce many changes in PTM. Consistently, exposure of islets to cytokines causes several proteins to be modified as determined by mass spectrometry [33, 34] . Similar observations were made in islets from BB rats at different time points during diabetes development [34, 35] .
Almost 20 years ago, we suggested for the first time the concept that beta cell antigens in type 1 diabetes may not be released in their native conformation, but in ROS-modified, and therefore more antigenic, forms [6] . In line with this, GAD65 has now been demonstrated to be modified to a slightly higher molecular weight form under oxidative conditions in rat islets. Importantly, anti-GAD65 autoantibodies from type 1 diabetes patients bind to modified GAD65 with higher affinity than they do to native GAD65 [36] . In a recent study, GAD65 was irradiated with UV light in the presence of hydrogen peroxide to induce oxidative modification of GAD65 [37] . This produced changes in structural, conformational and thermal denaturation profiles of GAD65. IgG from sera obtained from type 1 diabetic patients exhibited a significantly higher recognition of oxidatively modified GAD65 over native GAD65. In this regard, it is important to note that beta cells express lower levels of oxygen radical scavenger enzymes, including manganese superoxide dismutase and catalase, than other cell types [38] . This, together with high expression of inducible nitric oxide synthetase (iNOS) when challenged with cytokines [39, 40] , is likely to make the beta cells particularly prone to oxidative damage, and hence oxidative modification of GAD65 and other proteins. Studies of beta cell maturation have shown that an acquired trait of the beta cell phenotype is increased sensitivity to the cytotoxic effects of cytokines [41, 42] . These unique features of beta cells may explain why other islet cell types and other secretory active cells are not destroyed by the immune system in type 1 diabetes.
In addition to modification of GAD65, a PTM of insulina disulfide bond between adjacent cysteine residues in the A-chain of human insulin-has been demonstrated. T cell clones isolated from type 1 diabetic patients showed increased recognition of the modified insulin epitope. Interestingly, the modified insulin peptide did not alter binding to MHC (HLA-DR4) [43] .
Recently, a study demonstrated that patients with type 1 diabetes have antibodies to collagen type II and that antibody binding is significantly higher to oxidatively modified collagen type II over native collagen. Patients carrying the HLA-DRB1*04 allele showed the highest risk for autoimmunity against modified collagen, while carrying a DRB1*0301 allele was protective. Autoimmunity to native collagen type II was not associated with any DRB1 alleles [44] . This study therefore highlights that, in addition to the importance of formation of PTMs for creating neo-epitopes, specific HLA genotypes can be important for the presentation of these neoepitopes to the immune system. It should be stressed, however, that without generation of cognate neo-epitopes, such HLA genotype effects may be insufficient to trigger disease.
Taken together these data indicate that, while modifications of proteins have been shown in type 1 diabetes contexts the exact pathogenetic importance and causative role of these is still unclear. However, it is noteworthy that two of the established major autoantigens in type 1 diabetes, GAD65 and insulin, can exist in modified forms that cause stronger immune responses.
Evidence for PTMs in animal models A transgenic nondiabetes-prone C57/BL/6J mouse expressing CD154 under control of the rat insulin promoter (RIP) has been developed [45] . Beta cell expression of this transgene causes activation of DCs in the islets, leading to massive lymphocyte infiltration, insulitis and diabetes. Interestingly, adoptive transfer of spleen cells from transgenic diabetic mice to wild-type recipients does not cause insulitis or diabetes. Furthermore, wildtype islets transplanted into diabetic transgenic mice restore blood glucose levels to normal and the transplants are not destroyed. One possible interpretation of these data is that the immune system in this model does not recognise native proteins on undamaged islets, i.e. islets not exposed to activated DCs in situ . If the transgenic expression of CD154 on beta cells takes place in immuno-deficient mice, beta cell function is reduced but overt diabetes does not develop owing to lack of T cell-mediated beta cell destruction [45] . Thus, in these mice, an initiation phase occurs, but an execution phase does not. This model indicates that intra-islet activation of APCs induce PTMs of beta cell proteins creating neo-epitopes which trigger a T cell attack, i.e. the executioner phase.
A single high dose of STZ completely destroys the beta cells and causes diabetes in rodents without insulitis. However, administration of MLD-STZ induces insulitis followed by development of diabetes. Studies have shown that disease is not easily transferable by adoptive transfer of splenocytes from MLD-STZ-induced diabetic mice to recipients [46] . Only if the recipient mice have been sensitised by pretreatment with subimmunogenic doses of STZ can disease be adoptively transferred [47] [48] [49] . Furthermore, syngeneic islets transplanted under the renal capsule prior to MLD-STZ treatment show insulitis, but this does not happen if the islets are transplanted after STZ treatment. Also, if the donor islets were exposed in vitro to STZ before transplantation into MLD-STZ-treated mice, then insulitis developed in the syngeneic grafts [50] . We suggest that, in the MLD-STZ model, the repetitive beta cell insults by STZ generate PTM and beta cell-specific neo-epitopes that trigger an immune response.
It is of note that an initiation phase of sufficient magnitude is capable of producing insulitis and diabetes in models that are not diabetes-prone and do not have diabetesassociated MHC molecules, i.e. the RIP-CD154 and MLD-STZ models. In line with this it has been reported that there has been an increase in autoantibody-positive children not carrying type 1 diabetes-associated HLA molecules [51, 52] .
Insulin plays a major role in driving the T cell response against the beta cells in NOD mice. Studies in both NOD mice and humans have shown that an important epitope from insulin recognised by diabetogenic T cells is derived from the B-chain of insulin (B:9-23) [53] . It remains unknown, however, whether the B:9-23 epitope is subjected to PTM. As mentioned, the most notable proof-of-principle that PTM of insulin can create immunogenic epitopes has been provided in man [43] . The important role of insulin as an antigen in both NOD mice and man is not a surprise. Firstly, insulin may be the only beta cell-specific antigen and, secondly, it is conceivable that the high concentration of insulin in the beta cells makes it particularly prone to modification under stress-and inflammatory conditions. Thus, PTM of insulin is likely to create causative neo-epitopes and may also favour epitope spreading.
Using diabetogenic T cell clones from NOD mice, recent work has shown that a naturally occurring proteolytic cleavage product (WE14) of chromogranin A, which is contained within the insulin granules, is converted into a highly antigenic T cell epitope by in vitro treatment with transglutaminase [54, 55] . This observation further demonstrates that PTM of antigens can significantly affect their antigenicity towards a stronger immune response. Very recently, human T cell clones that recognise PTM peptides derived from GAD65 and IA-2 were isolated from subjects with type 1 diabetes using HLA class II tetramers. These T cell clones preferentially recognised the citrullinated or transglutaminated form of their cognate peptide (personal communication, Edward James, Benaroya Research Institute, Seattle, WA, USA). This observation demonstrates that PTM can increase the antigenicity of self-epitopes in humans.
In summary, the studies discussed above provide circumstantial evidence for generation of PTMs leading to the creation of neo-epitopes during the pathogenetic initiation phase in animal models.
Apoptotic beta cells as sources of neo-epitopes If beta cell damage creates beta cell-specific neo-epitopes in the pathogenetic initiation phase, it should be possible to prevent diabetes through immunisation with the modified antigens if this takes place early enough and before overt diabetes has developed. It has been demonstrated that induction of limited beta cell apoptosis by a single low-dose injection of STZ protected NOD mice from spontaneous diabetes [56] . Similarly, transfusion of in vitro-induced apoptotic (ultraviolet B irradiated) NIT-1 mouse beta cells into NOD mice prevented diabetes and correlated with suppression of anti-beta cell antibodies and induction of regulatory T cells [57] . Transfusion of nonapoptotic beta cells into NOD mice had no effect on diabetes. The results of these studies suggest that immune tolerance to beta cells in NOD mice can be attained by exposing the immune system to small amounts of modified beta cell antigens arising from apoptotic beta cells. This cannot be achieved by exposing the immune system to native proteins from nonapoptotic cells. Intriguingly, the tolerogenic effect of apoptotic cell transfusion can be achieved by transfusion of cells other than beta cells [58] , suggesting that some of the neo-epitopes created by apoptotic cell death are common to all cell types. This, of course, argues that beta cell-specific neo-epitopes are responsible for the loss of immune tolerance in type 1 diabetes, but it is plausible that more uniform neo-epitopes arising from different cells, if presented to the immune system in disease-prone animal models, can provide sufficient tolerogenic effects to halt beta cell destruction. However, it will be important to determine whether immunisation with apoptotic non-beta cells can also lead to beta cell tolerance in models that are not prone to diabetes. Importantly, recent findings suggest that physiological beta cell death occurring in young NOD mice during organogenesis might be sufficient to initiate the immune response [59] . Collectively, the studies discussed above provide evidence that events are taking place in the beta cells during the initiation phase that make them a target for the adaptive immune system. These events are likely to be PTMs.
Analysis of genes involved in PTM processes
We hypothesised that part of the genetic component of type 1 diabetes is due to variation in genes regulating PTM processes. We first identified all known genes encoding proteins involved in different PTMs of potential relevance for type 1 diabetes: acetylation, glycosylation, amidation, amination, citrullination, sumoylation, methylation, nitrosylation/ nitration and hydroxylation. These PTMs were chosen because they are either enzyme-catalysed and have previously been associated with other immune-mediated diseases or because they are produced by ROS, which are generated in islets during inflammatory stress. We identified a total of 291 genes encoding proteins involved in these PTM categories (electronic supplementary material [ESM] Table 1 , ESM Methods).
We then examined whether cytokines (IL-1β + IFNγ + TNFα) change the mRNA expression of the identified genes in four individual human islet preparations. It was found that the expression of 39 genes was regulated by cytokines (p <0.05, uncorrected value; ESM Table 2 ).
To examine for genetic variation in the cytokine-regulated genes, we took advantage of the genome-wide association study and meta-analysis performed by the Type 1 Diabetes Genetics Consortium [60] . The analysis revealed that 17 out of the 39 regulated genes contained nominally associated SNPs (ESM Table 2 ). For all 17 genes, the SNPs were located in either introns or up-or downstream of the gene (within 5 kb of the gene), suggesting that the polymorphisms in these genes might primarily affect the expression levels of the genes. We conclude that several genes involved in PTM processes are regulated by cytokines in human islets and also contain SNPs that are nominally associated with type 1 diabetes, providing support that such genes contribute to PTMs in islets that could create neo-epitopes.
Discussion
Of the established autoantigens in type 1 diabetes, insulin might be the only one that is exclusively expressed in beta cells [9] [10] [11] [12] . The current paradigm of type 1 diabetes as a bona fide autoimmune disease therefore contains a paradox since the beta cell-specific destruction in type 1 diabetes cannot be explained by an immune response against the currently known antigens. We suggest that PTMs are induced during the initiation phase of pathogenesis and that these PTMs give rise to altered peptide structures, creating neo-epitopes not previously exposed to the immune system. There is both direct and circumstantial support for this concept in the published literature. Our analyses suggest that part of the non-HLA genetic susceptibility to type 1 diabetes may be explained by variation in the genes encoding enzymes involved in PTM processes specifically in islets. The mRNA expression of 39 of 291 identified genes encoding PTM enzymes of interest in human islets was changed following exposure to cytokines. Seventeen of these genes also harboured nominally associated SNPs, suggesting that they are of particular importance. It will be of importance to establish if these genes are also expressed and regulated at the protein level in islets and beta cells. Further, it will be highly relevant to determine whether the enzymatic activities of the PTM enzymes are altered in stressed (cytokine exposed) islets.
In support of the concept that cytokine-regulated genes may be involved in PTM processes that can affect type 1 diabetes, proteomic studies of islets exposed to cytokines in vitro and isolated islets from BB rats have shown that many PTM enzymes change expression levels and several proteins undergo PTM [33] [34] [35] . Consistent with an anticipated important pathogenetic role for PTM in the BB model, treatment of BB rats with a chemical inducer (CGP3466B) of the 'PTM enzyme' protein L -isoaspartate (D -aspartate) O -methyltransferase (PIMT) which recognises isomerised aspartate residues in proteins and converts them back to L -aspartate [61] , delays disease onset and severity of disease and correlates with an increased number of beta cells in the islets [62] . These findings show that reversing a PTM by CGP3466B-induced upregulation of PIMT beneficially influences diabetes development in BB rats.
The observation that the transglutaminase (TGM)-2 gene contains a type 1 diabetes-associated polymorphism and is transcriptionally upregulated in human islets by cytokines is of interest. In celiac disease, TGM2 plays a prime role in breaking the immune tolerance to gluten via deamidation of glutamine residues in gluten peptides. Furthermore, this disease is characterised by autoantibodies to TGM2 [19] . The coexistence of type 1 diabetes and celiac disease [63] might thus, in part, be related to TGM2. In this context, it is interesting that the naturally occurring proteolytic cleavage product of chromogranin A, the WE14 peptide, becomes a highly antigenic T cell epitope following in vitro treatment with transglutaminase [54, 55] .
Several diseases traditionally considered as autoimmune, e.g. rheumatoid arthritis, celiac disease and multiple sclerosis, are known to involve PTM of target proteins. The literature cited here and the experimental data presented support the hypothesis that PTM of beta cell proteins brought about by activation of members and mechanisms of the innate immune system during the initiation phase produce neo-epitopes on beta cell proteins. These neo-epitopes are presented on APCs and the beta cells on MHC class II and I molecules, respectively, and are foreign to the immune system. Therefore, the adaptive immune system will recognise them and mount a response to eliminate them. PTM of beta cell proteins are therefore causative rather than just a consequence of beta cell destruction. It is reasonable to assume that multiple antigens contribute to the activation of the polyclonal T cell attack against the beta cells.
Considering the complexity and polygenic nature of type 1 diabetes, it is plausible that the induced PTMs do not take place uniformly in the beta cells either within an individual islet or in different islets. Furthermore, there might be a great deal of interindividual variation. Thus, the same PTMs and proteins may not be equally important in triggering and exacerbating disease in different individuals.
If the PTM of beta cell proteins triggers beta cell destruction, the intriguing question is whether type 1 diabetes can be defined as truly 'autoimmune' when the T cells react against modified proteins that do not normally occur rather than native ones. Hence, it could be argued that there is nothing wrong with the immune system in type 1 diabetes in that it does what it is supposed to, i.e. destroy cells that contain modified and hence 'foreign' proteins. However, it is beyond doubt that part of the genetic contribution to type 1 diabetes is made by genes that have primary functions in immune cells. Variation in genes that modulate the effects of regulatory T cells might also be important. Such effects, however, are not causal, but are critical for the amplitude of the mounted immune response once initiated and are therefore important in determining how quickly clinical diabetes manifests itself.
To understand the pathogenesis of type 1 diabetes, the postulate of broken immunological tolerance as an underlying mechanism should be reconsidered. The hypothesis presented here is simple, but clearly in need of further experimental support. If correct, it leaves the concept of type 1 diabetes as a bona fide autoimmune disease open for debate. It is our aspiration that this For Debate article, together with the accompanying counter-debate by Lernmark [64] will stimulate researchers to re-think current dogmas and initiate experiments to confirm or refute a critical role of PTM in type 1 diabetes. Contribution statement JS, JN and F. Pociot were responsible for the conception of the manuscript. All authors were responsible for the design of the manuscript, drafting the article and revising it critically for important intellectual content. All authors approved the version to be published.
